This paper reports fracture behavior study on four types of self-compacting concrete with compressive strength ranging from 40MPa to 150MPa. Basic fracture properties investigated for each type of self-compacting concrete are: the fracture toughness K Ic , the fracture energy G F , the critical crack length extension ∆a c and brittle behavior. For achieving this aim, tests were conducted on wedge splitting specimens with initial notch length approximating 100mm. The results show that the fracture energy G F differs little for self-compacting concrete under consideration in the test, whereas the fracture toughness K Ic increases with increasing compressive strength, which is the same as observed in conventional vibrated concrete. At the same time, with computed brittleness index it can be said for sure that as the self-compacting concrete raises its strength, it would fracture in a more brittle manner.
INTRODUCTION
Self-compacting concrete(hereinafter SCC), first developed in Japan to achieve durable concrete structure, is now a collective term used to describe concrete type that gains excellent flowability and comparable dense structure with normal compacting concrete in spite of no vibrating operations during casting work. It has found its wide applications around the world because of its superior properties such as its offset a shortage of skilled labor especially in countries and regions where the cost of manpower is high, substantial reduction in terms of concrete placing time and the noise level brought to the site neighbors, as well as its easier concreting in hardly accessible areas(such as those congested engineering structures). In Japan that holds a strong position in the development of SCC, large office buildings and some extruded tunnels have been found using SCC combining with steel fibers [1, 2] . Until now, SCC has been ever used for highway bridges in some countries. With the adoption of "Sandwich" structure [3] , the cost of SCC which otherwise may be as high as two times the normal vibrated concrete could be reduced significantly.
In view of its huge potential to replace a large part of normal vibrated concrete, the investigation on SCC has been one of the hottest topics these days. Most of these studies focus on mix design, its application as well as its mechanical properties by comparing with the normal compacting concrete [4, 5] . Information regarding the fracture behavior of SCC is, however, still limited in the literature. The main objective of this paper is to study the macrolevel fracture behavior of SCC in terms of the fracture toughness, the fracture energy and the brittle characteristics for SCC with compressive strength ranging 40MPa to 150MPa using wedge splitting specimens.
EXPERIMENTS
Four types of concrete were examined in this study, and the details of mix ingredients and their propositions are summarized in Table 1 . The classification is based on their compressive strength level ranging from a normal concrete to a high strength concrete. Clearly, the fundamental constituents used in SCC are basically the same as those used in the normal vibrated concrete, except different mix propositions and the addition of some special admixtures to obtain requested properties. In this experiment, an ordinary Portland cement CEM I 42.5R was used. As a pozzolanic material, silica fume with small particle size 0.1-1µm was added to improve microstructure of concrete thanks to its pozzolanic action and filling effect. Another mineral admixture added was Class F(low calcium) fly ash, which could also improve workability of SCC. Sand with a size of 0.3-0.8mm or 0-2mm was used as aggregate. A quartz powder with particle size smaller than 10µm was included as micro filler to get the optimistic grading curve of concrete mix. The incorporation of superplasticiser of a rational dosage is to ensure excellent flowability of SCC. Moulds were removed 24±5hr after casting and all the specimens were left in the water curing for 28 days until tests. Before test, the specimen was notched with a diamond saw to have initial crack around 100mm in length. The measured density, compressive strength, and the splitting strength for four types of concrete are also reported in Table 1 . The compressive strength was obtained from cylinder specimen, 100mm in diameter and 200mm in height. While tensile strength is based on indirect splitting test on cylinder 100×200mm. The details procedure could be referred to [6] for interest. From test results, it could be said that SCC compressive strength is comparable to those of conventional vibrated concrete. One advantage of SCC technology is they could be cast without vibrating process; instead they would fill the mould by means of their own gravity.
Wedge splitting(WS) specimens were used in the study to determine fracture properties of concrete. The test setup and the geometry of the specimen are schematically represented in Fig.1 . The measured actual dimensions of each specimen are listed in Table 2 .
Fig.1 Specimen geometry and loading arrangement
The fracture of the specimen is essentially due to the bending moment, so the vertical component load P v contributes little for the crack propagation. The thing that plays a vital role in fracturing specimen is the horizontal component P h of force acting on the roller axis. By taking the wedge angle θ into consideration, they follow the relation as below based on the equilibrium condition
where the wedge angle θ is taken to be 15º in this test; µ is the coefficient of friction generally in the range from 0.1% to 0.5%. Considering its small effect on the computed horizontal load P h , the friction can be neglected at a first approximation. So the splitting force P h is related to the vertical P v through expression as listed in Fig.1 
ANALYSIS OF EXPERIMENTAL RESULTS
Because of similarity in the geometry and the loading condition between the WS specimen and the compact tension, the empirically analytical expression for stress intensity factor K and COD for WS specimen could be taken the form as in the case of compact tension test [7] 
COD(mm)
While the load line displacement COD could be expressed as follows which is valid for 0.3≤a/W≤0.7 within 2.9% accuracy
where E is the Young's modulus of material, which should be calculated from the measured initial compliance C i from the P h -COD relation. Based on the linear asymptotic superposition assumption [8] , the critical effective crack length a c could be solved by inserting the ultimate load P hmax =P vmax /2tanθ and its corresponding displacement COD c into Eq.(3). Subsequently the critical stress intensity factor, i.e. fracture toughness K Ic , could be achieved by placing a c and the recorded peak load P hmax , as well as other known specimen dimensions into Eq.(2). For WS geometry, the moment the stress intensity factor reaches its critical value K Ic , the crack tip opening displacement CTOD at the initial crack tip also reaches its critical value CTOD c calculated using [9] [ ] { } Table 3 gives the computational results of the critical effective crack length a c , fracture toughness K Ic as well as CTOD c . Another important fracture parameter for concrete is fracture energy G F , which has proved to be a very useful parameter in the concrete structure design and fracture behavior modeling. It is defined based on tensile test as the energy absorbed per unit crack area in widening the crack from zero to or beyond the critical value above which no stress can transmit [10] . The common method to determine the fracture energy G F was proposed by RILEM Technical Committee TC-50 [11] where three-point bending beam is recommended for determine G F . One key assumption behind this method is that the work performed by external work is completely assumed for concrete fracture, i.e. no other energy consumption occurs outside the fracture process zone. The same assumption can be extended to WS tests. In this case, the specific fracture energy G F can be calculated as
where W=work done by external force to fracture the specimen, calculated by the area under the contributing horizontal load P h vs displacement COD; A lig =projected fracture area(ligament length L×width t). The derived values of G F for different types of concrete under consideration are compiled in Table 3 . Various parameters have been proposed to indicate the brittleness of concrete material based on different fracture models. One common view is the evolution facture process zone ∆a c =a c -a 0 can be directly used to describe the brittle behavior of materials. Smaller values in ∆a c mean more brittle response. Another frequently used brittle index is the characteristic length l ch proposed by Hillerborg in the Fictitious Crack Model [10] . It is defined by combing three basic mechanical properties of concrete
where f t is the tensile strength, obtained from the cylinder splitting tests as shown in Table 1 .
Another brittle parameter Q developed by [9] with a length unit is given by
where K Ic and CTOD c are the critical stress intensity factor and crack tip opening displacement when the effective crack length arrives the value a c . Both the characteristic length l ch and Q are believed to be associated with the evolution of the fracture process zone. A structure is therefore said to be more brittle with smaller values of l ch or Q. Here these three quantities including the crack extension ∆a c , the characteristic length l ch and Q for different type of SCC studied are presented in Table 3 . For self-compacting concrete, fracture energy G F as seen from Table 3 increases slowly along with increasing compressive strength, maintaining an almost constant value for stress level above 80MPa. And the values of G F for high strength SCC are generally lower than those in vibrated high strength concrete. For instance, for M100 concrete type with w/b ratio 0.287, compressive strength being 106Mpa, its averaged fracture energy G F gives the value 63.73N/m; while for normal compacting HSC with similar w/b ratio 0.29, the corresponding compressive strength and fracture energy are 76.8MPa and 159.5N/m [12] , respectively. It is known that increasing aggregate size could producing higher fracture energy, so SCC presents a higher value in fracture energy since a large volume of fine particles and some admixtures with small particle size like fly ash, silica fume and quartz powder are incorporated into SCC comparing to general normal concrete.
As expected, SCC behaviors more brittle with increased compressive strength as indicated by decreased values of brittleness indices: the crack growth quantity ∆a c , the characteristic length l ch and Q as shown in Table 3 . Unfortunately fracture toughness K Ic , a measure of material toughness, is observed to increase with increasing brittleness of concrete material. This is not surprising if considering the fact that fracture toughness K Ic from Eq. (2) is not only related to the effective crack length a c , but pertinent to the ultimate load P hmax . The value P hmax absolutely increases with the increased compressive strength, at the same time the value of a c decreases. The final value K Ic may consequently not necessarily reduce as it is codetermined by P hmax and a c . Fracture toughness K Ic , in fact representing the capability to resist cracking, is not appropriate to be deemed as a measure of brittleness of materials or structures.
CONCLUSIONS
Some basic fracture properties of SCC were studied through wedge splitting tests. The test results support following conclusions: 1. Fracture energy G F obtained from the recorded load-displacement curves increases slightly along with increasing compressive strength, so much as to keep almost constant for high strength SCC. Besides, the apparent specific fracture energy G F seem to be in low values as compared to otherwise vibrated concrete, which can be explained by different microstructures caused by ingredients composing materials. 2. The higher the compressive strength, the more brittle the SCC material. This could be verified by decreasing brittle indices, i.e. the crack growth quantity ∆a c , the characteristic length l ch and Q. 3. Fracture toughness K Ic is shown to increases as the compressive strength increases for SCC, as could be seen for conventional vibrated concrete. Accordingly, the quantity K Ic is not suitable to describe the brittle behavior of materials.
